The relationship between the shape of the ascending aortic pressure wave form and aortic input impedance was studied in 18 patients who underwent elective cardiac catheterization but in whom no heart disease was found. Ascending aortic flow velocity and pressure were simultaneously recorded from a multisensor catheter with an electromagnetic velocity probe and a pressure sensor mounted at the same location. Another pressure sensor at the catheter tip provided left ventricular pressure or a second aortic pressure to determine pulse-wave velocity. Fick cardiac outputs were used to scale the velocity signal to instantaneous volumetric flow. Input impedance was calculated from 10 harmonics of aortic pressure and flow. For each patient, impedance moduli and phases from a minimum of 15 beats during a steady state were averaged. Peripheral resistance was 1137 ± 39 dyn-sec-cm' (4 SEM) and characteristic impedance was 47 4 4 dyn-sec-cm-; pulsewave velocity was 6.68 ± 0.32 m-sec-'. In all patients, a well-defined systolic inflection point divided the aortic pressure wave form into an early and late systolic phase. The patients were classified into three groups: group A (n = 7) patients whose late systolic pressure exceeded early systolic pressure; group B (n = 7) patients whose early and late systolic pressures were nearly equal; group C (n = 4) -patients whose early systolic pressure exceeded late systolic pressure. Group A and B patients all demonstrated oscillations of the impedance moduli about the characteristic impedance. Group C patients demonstrated flatter impedance spectra. Thus, a larger secondary rise in pressure was associated with a more oscillatory impedance spectrum. These results suggest that the differences in pressure wave forms are due to differences in reflections in the arterial tree and not secondary to differences in cardiac function. Using pulse-wave velocity, the "effective" reflection site distance was determined from both pressure (48 cm) and impedance (44 cm) data, implying that the region of the terminal abdominal aorta acts as the major reflection site in normal adult man.
THE CHARACTER of the arterial pulse as palpated by the physician at the bedside or displayed by laboratory pulse recording techniques has long been an important part of the clinical evaluation of the patient with heart disease. Arterial pressure is the result of an interaction between the heart and the arterial system, so that the magnitude and shape of the pressure pulse will be affected by changes in the peripheral circulation or alterations in cardiac function. Recent improvements in intravascular pressure measurement techniques have revealed major differences in the configuration of aortic pressure waves among patients, even in the absence of cardiovascular disease.' One way to determine whether these observations are secondary to differences in cardiac function or differences in the periphery is to use methods that selectively describe the arterial system. To do so, special relationships involving both pressure and flow must be developed. The best known of these relationships is the input impedance. In general, impedance is calculated from the ratio of the pressure difference across the system under study and the total flow through that system. The description of the arterial system found by only taking the ratio between mean pressure difference and mean flow is limited and only gives the value of peripheral resistance. The calculation of input impedance requires measuring pulsatile pressure and flow waves and deriving their respective sinusoidal components by Fourier analysis.2 3 Until recently, technically adequate simultaneous pulsatile pressure and flow signals from the same location in the ascending aorta of intact, unanesthetized man have been difficult to obtain. Accordingly, few studies of ascending aortic input impedance in man have been performed and have been principally limited to patients with disease.4 0 Furthermore, cardiologists have expressed little interest in these measurements since the derivation of impedance is complicated and its clinical usefulness has not been demonstrated. In recent years, however, pharmacologic manipulation of the systemic circulation in advanced ischemic heart disease, severe mitral and aortic regurgitation, and the congestive cardiomyopathies has stimulated an interest in more objective measurements of the arterial system'0-13 and the relationship of these measurements to ventricular load. '4' 16 The calculation of input impedance in a clinical environment has been greatly facilitated by the development of multisensor catheterization techniques '6 17 combined with the application of dedicated minicomputers for human hemodynamic research."'
In this study we examined the methods to measure input impedance reliably in the clinical cardiac catheterization laboratory, established the range of values of ascending aortic input impedance in normal man at rest, and investigated the relationship of impedance to the aortic pressure wave form, with particular attention to reflection phenomena.
Methods Patients and Catheterization Techniques
Eighteen patients were catheterized for various clinical indications, the most common of which was a chest pain syndrome. No Custom-designed left-and right-heart multisensor catheters were used. The left-heart catheter contained two solid-state pressure sensors (Millar Mikro-Tip, Millar Instruments, Houston, Texas) and an electromagnetic flow velocity probe (Carolina Medical Electronics, King, North Carolina 1973-75; Millar Instruments 1975-79) . Both pressure sensors were mounted laterally, with one sensor located at the tip of the catheter and the second located 5 cm away. The catheter was designed so that the sensing electrodes of the velocity probe and the aortic pressure sensor were mounted at the same site. Using a brachial arteriotomy, this catheter was retrogradely passed across the aortic valve so that the tip sensor was within the left ventricular cavity, with the second sensor and associated electromagnetic flow velocity probe [3] [4] [5] A spectral averaging algorithm was used to remove the effects of noise in the physiologic signals, especially the flow velocity signal, which inherently has a poorer signal-to-noise ratio than pressure. Those cardiac cycles with a fundamental frequency outside the range of ± 10% of the average were eliminated from the computation. At least 15 beats formed the basis of further averaging. The means and standard deviations of the impedance moduli of the remaining spectra were then calculated. All impedance moduli beyond ± 2 SD were removed in calculating a final average modulus spectrum. Means and standard deviations for the phase spectral components were also calculated, eliminating terms outside the range of ± 90 degrees up to the fifth harmonic. Beyond the fifth harmonic, an additional ± 5 degrees per harmonic were allowed because small errors in delay times produce large errors in the calculation of phase components at the higher harmonics.3 For example, at the sixth harmonic, phase angles outside + 95 degrees were eliminated. All phase angles beyond ± 2 SD were deleted in calculating a final average phase spectrum. This technique has the effect of removing spurious data caused by noise and by the integer arithmetic operations on very small components of flow and pressure. These procedures resulted in discarding 5-10% of the original data points. To indicate the variability of the spectra and the effects of this averaging technique, 18 spectra and their average spectrum from a single patient are shown in figure 2. Characteristic impedance was defined as the average of all impedance moduli above 2 Hz. 8 To relate the pattern of the impedance spectral plots to the shape of the ascending aortic pressure wave form, patients were divided into three subgroups. Type B: patients whose peak systolic pressure also occurred in late systole following an inflection point, but 0.0 < AP/PP < 0.12 (not illustrated).
Type C: patients whose peak systolic pressure preceded a well-defined inflection point and AP/PP < 0.0 (i.e., a negative slope between Ppk and Pi). TYPE A BEAT FIGURE 3. Pressure wave form classification (see text). calculated is given for both a type A and a type C beat.
TYPE C BEAT
An example of how the ratio A P/PP was
To characterize the patterns of the impedance moduli plots for the three subgroups, each subject's amplitude spectra were normalized to his or her characteristic impedance (Z). The normalized moduli and the phases were then averaged by harmonic for each subgroup.
Results Two of the patients were female and 16 were male. General patient characteristics and hemodynamic data appear in table 1. Although there was a tendency toward decreasing age from group A to group C, a significant difference was present only between group A and group C. There were no significant differences in cardiac output, cardiac index (not tabulated), peak aortic flow or aortic pressure among groups A, B and C.
Examples of the impedance spectra obtained from a patient with type A beats and a patient with type C beats are shown in figure 4 . In both patients, the amplitude spectra for the aortic input impedance display a relatively large mean term (the peripheral resistance) with a rapid fall within several Hz to an average or characteristic impedance (ZJ) of 1/10 to 1/20 of the peripheral resistance. The phase angle is negative at low frequencies and becomes positive or zero at the higher harmonics. The initial zero crossing of the phase angle occurs near the same frequency as the first minimum of the amplitude spectrum. Despite these similarities, a distinct difference in the amplitude spectra of the two patients illustrated in figure 4 is evident. The pattern of the modulus spectrum for the patient with the type A beats demonstrates a very distinct minimum at the third harmonic, followed by a distinct maximum at the sixth harmonic. However, the patient with type C beats demonstrates a flatter spectrum in the first six harmonics. The patient with type A beats also demonstrates a more negative phase angle at the lower harmonics.
Patients were grouped by the magnitude of AP/PP because this was an obvious differentiating factor based on the pressure wave forms ( fig. 3 and table 2). Figure 5 illustrates the average impedance spectra for each subgroup after normalization to characteristic impedance. Although averaging by harmonics may cause smoothing of spectra if heart rates and patient size vary considerably,22 such an average serves to compact the data for groups of patients and so was used to examine the patterns of the spectral plots for the three groups. When so organized, the differences among the subgroups were found to be similar to the individual examples shown in figure 4 . Patients in group A demonstrated well-defined minima and maxima and relatively large oscillations about Zc, while those in group C revealed a flat or less well organized amplitude spectrum. Group B demonstrated an intermediate pattern. These differences in the patterns of the impedance spectral plots are noteworthy because no significant differences in peripheral resistance or characteristic impedance were found among the three subgroups (table 3) . The average peripheral resistance for the entire group was 1137 dyn-sec-cm " and the average characteristic impedance was 47 dyn-sec-cm 5. These results are similar to those reported by Nichols et al.,8 but the characteristic impedance in these normal patients is lower than that reported by others.4 '7 9 Foot-to-foot pulse-wave velocity measurements are given in table 2. The foot-to-foot pulse-wave velocity CI RCULATION crossings of the phase angle. If, for the purposes of conceptualization, one applies this simple model to the aorta, it is possible to derive an "effective" length, i.e., the distance from measurement site to reflection site, by the quarter wave length relationship7: LZ = c/(4fmin) (1) where Lz is the effective length, c is the phase velocity, and fmin is the frequency at which the first minimum of the impedance modulus occurs. Using the foot-to-foot pulse-wave velocity as an approximation to the phase velocity,2 6 Lz may be expressed as:
This relationship was used to calculate the "effective" length of the arterial system and found to be similar in all three groups ( Abbreviations: AP/PP-see figure 3 ; Atp-see figure 3 ; Lp = effective reflection distance (see text); PWV = pulsewave velocity.
significant difference in this expression between the subgroups A and C (table 3) .
Since more oscillatory spectra were associated with type A beats and flatter spectra with type C beats, the secondary rise in systolic pressure may well be due to reflected waves from the "effective" reflection site in the arterial system. The more pronounced secondary rise in systolic pressure found in type A beats and the less prominent late systolic characteristics of the type C beat may simply be a result of differences in timing and magnitude of reflections.
To investigate this further, an attempt to derive the effective reflection site distance from the pressure wave form alone was made using the relationship25: Lp= PWV Aitp/2 (4) where Lp is the effective length and Atp (defined in figure 3 ) represents the time of travel of the wave from the heart to the reflection site and back. If the single uniform tube model can be used as a first approximation of the aorta, then the distances L. and Lp should be equal.
The average distance for the three groups calculated by equation 4 (Lp) was 48 ± 2 cm (see table 2), which is very close to the value found by equation 2 (Li).
Again, no significant difference was found among subgroups. Figure 6A demonstrates the relationship derived from the data shown in tables 2 and 3. (Patient C-3 seemed to have two reflections, which appeared in both the pressure wave form and the impedance spectra; the modulus spectrum for patient C-4 was so flat that no fmin or fmax could be measured.) A linear relationship can be seen, but with a tendency toward ".clumping" of the data at a length of 44-48 cm.
The calculation of an effective length from the pressure pulse itself (Lp) correlates well with calculation of the effective length from the impedance spectra (L,). Equations 2 and 4 may then be used to derive the relationship l4tp = 1/(2fmin) (5) where 1/2fm,n has the dimension of time and may be expressed as At,. The relationship between transit time derived from the pressure data (Atp) and transit time derived from the impedance data (At,) is shown in figure 6B . A linear relationship is again demonstrated, with less clumping effect than in figure 6A .
Discussion
This study demonstrates that input impedance can be obtained without additional risks to the patient if new methods such as the multisensor techniques described here are used. Impedance should be determined for a series of beats in the steady state rather than from a single beat, because beat-to-beat variations due to noise may be considerable ( fig. 2) . Spectra from 10 beats are suggested as the minimum number to be averaged for reliable results. This study has established the normal ranges of input impedance values in adult man (table 3) .
The pressure wave forms were divided into three subgroups (A, B and C; fig. 3 ) and related to the impedance spectral patterns. The impedance spectra for type A beats reveal an oscillatory behavior that suggests considerable reflection in the arterial system.2' 22 24 The impedance plots derived from the type C beats demonstrate flatter spectra, implying smaller or more diffuse reflections. The type B beats are intermediate between these two. Another expression of the amount of reflection in the system is the magnitude of the first harmonic of the normalized impedance moduli.22 In figure 5, Abbreviations: Rp = peripheral resistance (DC component of impedance); Zmin = value of first minimum of impedance modulus; Zmax: = value of maximum of impedance modulus after first minimum; f. = frequency where first zero crossing of phase occurs; fmin = frequency of first minimum of the impedance modulus; fmax frequency of first maximum of the impedance modulus; L, = effective reflection distance (see text). damental harmonic has a frequency similar to that of group B patients, but the modulus has a lower amplitude, indicating less influence of reflected waves. Examination of the phase spectra also yields information related to the influence of reflections. In a system without reflections, the phase angle would be close to zero. In the patients with type A beats, the phase angle is much more negative for the first few harmonics than in the other two subgroups.
These results indicate that the secondary rise in the aortic pressure wave is primarily the result of a less well matched arterial system, i.e., a system with considerable reflection, and not secondary to cardiac function. The type A beats, related to an arterial system with large reflections, show a secondary rise in pressure with a tendency toward a larger pulse pressure. The type C beats are present in the system with little or more diffuse reflections, show small secondary rises in pressure and tend toward smaller pulse pressures. The magnitude of the secondary rise in the pressure wave forms appears to be directly related to the magnitude of the oscillations in the impedance spectra.
Among the three subgroups there were no significant differences in mean aortic pressure, aortic radius, characteristic impedance and pulse-wave velocity (tables 1, 2 and 3). The ascending aortic properties are therefore expected to be similar in these patients. The arterial systems at the arteriolar level also appear to be similar; there are no significant differences in peripheral resistance among the groups (table 3) . However, the lack of significant differences in these measurements should be approached with some caution due to the small group sizes. The only significant difference found among the three subgroups These differences may be explained by the physiologically younger ages of the experimental animals compared to the majority of human subjects (subgroups A and B) reported in this study and in patients with cardiovascular disease. [4] [5] [6] 9 The location in the arterial system from which such reflections arise was examined using data derived from both the impedance spectra and the pressure wave forms (equations 2 and 4). In most patients, the distance to the effective reflection site (the effective length of the system) was 44-48 cm from the ascending aorta. In the adult population studied, this distance approximates the region of the terminal abdominal aorta and bifurcation into the iliac and femoral arteries. Mills et al.7 also found an average distance of 44 cm in five patients using fmin. Although it is tempting to conclude that this represents a single reflection site, other investigators22' 24, 25 have shown that reflections in the arterial system arise from many points. In a model study, Sipkema and Westerhof27 demonstrated that the assumption of a single reflection may lead to errors. The impedance spectra derived in these studies are not identical to those derived from a single uniform tube model; the arterial system is more complex.2' 24 However, in the archetypal ascending aortic pressure pulse of adult man, a well-defined single inflection point is almost always present. This is in contradistinction to most pressure wave forms in laboratory animal experiments where major interventions, such as the inflation of an intraaortic balloon,25 are required to produce wave forms similar to the type A and type B beats described in the present study. Thus, although reflections occur from multiple locations in the arterial system, it appears that the region of the terminal abdominal aorta generates reflections that dominate over those arising from other locations in man. We have therefore chosen to use the term "effective" reflective site.
O'Rourke and Taylor22 analyzed the impedance spectra in dogs and concluded that reflections result from two major sites in the arterial system. These spectra appear to correlate better with an eccentric Ttube model,28 in which the shorter tube corresponds to the vessels in the upper part of the body and the longer tube represents the vasculature in the lower part of the body. Reflections in the longer tube give rise to minima of the impedance moduli at the lower frequencies, but reflections in the upper tube would give rise to a second minimum at the higher frequencies. These characteristics might also give rise to two inflection points in the pressure wave form, with the first inflection a result of a reflection from the cephalad tube and the second a result of a reflection from the caudal tube. Although this model may be a more realistic approximation of the arterial system, the ranges of normal heart rates in man do not allow a reliable evaluation of minima and maxima points in the higher frequencies due to signal noise. Furthermore, an early inflection point in the ascending aortic pressure wave form is rarely seen in normal man. In two or three patients in this study such an inflection point was suggested and appeared to correlate to a second minimum point in the impedance spectra. However, most patients do not demonstrate such a finding, and the major reflection appears to come from the terminal abdominal aorta.
To pursue this point further, the change in the shape of the aortic pressure wave as it travels from the ascending aorta to the terminal abdominal aorta is shown in figure 7 in one patient with a type A beat. The appearance of the reflected wave, as indicated by the timing of the inflection point, occurs progressively earlier in systole as the wave approaches the iliac bifurcation. We consider the early diastolic wave in the ascending aorta (denoted by arrows in figure 7) as part of this reflected wave. As the initial portion of the reflected wave progresses towards early systole with increasing distance from the aortic valve, the diastolic or trailing portion of the reflected wave moves from diastole into systole. This is in contrast to the explanation for the change in aortic pressure contour suggested by O'Rourke,28 where the reflection appeared to move progressively later into systole. In addition to the earlier appearance of the reflected wave, the amplitude of the reflection increases peripherally. The lines connecting the initial aortic upstroke and the onset of the secondary pressure rise in figure 7 approach each other as pressure is measured in the terminal abdominal aorta. These observations further support the evidence that this region behaves as the major reflection site in man.
An increase in the magnitude of reflections was attempted by bilateral external compression of the femoral arteries in four patients; one is shown in figure  8 . This intervention immediately produces a change in the ascending aortic pressure wave form. In this example, the end-diastolic pressure and the pressure at the inflection point do not change significantly, but the late systolic portion of the ascending aortic wave form immediately increases. The preocclusion value for A P (defined in figure 3 ) was 10 mm Hg and increased to 20 mm Hg in the beat immediately after occlusion. The total change in aortic pulse pressure is solely accounted for by this change in the late secondary rise in aortic pressure. An augmentation of reflection phenomena was thus accomplished by external occlusion of vessels in the region of the effective reflection site.
Although an analysis of the pressure wave form itself does yield information regarding the arterial system, especially with regard to the presence or absence of reflections, it should be emphasized that pressure and flow depend not only on the arterial load, but also on the pump function of the heart. In this study, the differences in wave forms were associated with differences in the arterial system as demonstrated by input impedance calculations, but no significant differences in cardiac function were found.
This study has demonstrated the ability to measure in a clinical cardiovascular laboratory simultaneous pressure and flow wave forms in man in order to calculate ascending aortic input impedance. The average of more than 15 beats per patient in a group of 18 patients without any evidence of organic heart disease has established the normal range of input im- Sasayama and colleagues developed an experimental model for chronic pressure overloading by aortic constriction of conscious dogs and serially assessed the ventricular function over several weeks." They found that the left ventricle responded to chronically elevated pressure by initial dilatation with increased wall stress and then gradual development of hypertrophy with a consequent reduction in wall stress to near-normal states. Wall stress-diameter loops during a single contraction were then analyzed over a range of matched systolic pressures during acute aortic constriction before and after induction of chronic hypertrophy produced by sustained aortic constriction. The linear relation between left ventricular (LV) diameter and wall stress at the end of ventricular ejection was the same in control and hypertrophied hearts.6 They concluded that in successful adaptation to the pressure overload, hypertrophy per se did not produce intrinsic depression of the myocardial inotropic state.6 However, these experimental overloads were acutely in-116 CI RCULATION
